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We demonstrate a Bell state analyzer that operates directly
on frequency mismatch. Based on electro-optic modula-
tors and Fourier-transform pulse shapers, our quantum
frequency processor design implements interleaved Hadamard
gates in discrete frequency modes. Experimental tests on
entangled-photon inputs reveal fidelities of ∼98% for dis-
criminating between the |9+〉 and |9−〉 frequency-bin
Bell states. Our approach resolves the tension between
wavelength-multiplexed state transport and high-fidelity
Bell state measurements, which typically require spectral
indistinguishability. © 2022 Optical Society of America under the

terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.443302

Unlocking the potential of quantum technology will require not
just progress in developing stand-alone systems but also in medi-
ating communications and entanglement between these systems
across a network [1]. Protocols have been devised to herald the gen-
eration of remote entanglement between previously unentangled
parties, often through Bell state measurements [2–4]. In the sim-
plest conception of such a protocol, two photons, each entangled
with separate qubits (either matter-based or photonic), are mixed
at a 50:50 spatial beam splitter. Quantum interference between
two-photon outcomes leads to one of many detection events, a
subset of which heralds projection of the undetected qubits onto
a known entangled state. Similarly, in quantum teleportation
[5–7], a Bell state measurement performed on an unknown input
qubit and one half of an entangled pair projects the remaining
qubit onto the state of the original input—up to a known unitary
rotation—all without physical transmission of the quantum state
itself.

However, a limitation of conventional Bell state measurements
is that photons participating in the joint measurement need to be
spectrally indistinguishable in order to project the remaining unde-
tected particles onto a known entangled state. For the case when
photons are separated by a frequency difference1ω and detected a
time1t apart, the undetected qubits are projected onto an entan-
gled state with an additional phase shift e i1ω1t [8,9]. Irrespective
of whether one applies temporal postselection or active feedfor-
ward techniques to compensate for this fluctuating term, the
fidelity of remote entanglement is ultimately limited by the timing

resolution of photon detection (1tR ). This presents a challenge to
networks with heterogeneous nodes or those that rely on spectral
multiplexing; for example, a π phase uncertainty at a frequency
difference of just 10 GHz corresponds to 1tR = 50 ps. Although
detector jitters have reached few-picosecond levels and continue to
improve [10], alternative Bell state analyzers (BSAs) that automati-
cally erase spectral distinguishability would offer significant value,
eliminating the need for feedforward phase correction techniques
that introduce latency and increase complexity.

In this work, we demonstrate a BSA that leverages frequency
beamsplitter concepts [11–16] to operate on frequency mismatch
directly. Through the use of interleaved Hadamard gates in a quan-
tum frequency processor, we realize unambiguous measurement
of two frequency-bin-encoded Bell states with a fidelity of 98%.
Our design can be extended to Bell state measurements of qubits
encoded in other degrees of freedom as well—e.g., where frequency
is used for multiplexing only—such as time-bin or polarization
qubits that otherwise would not interfere. Overall, our demon-
stration makes it possible to break the trade-off between spectral
distinguishability and remote entanglement fidelity, representing
an important step toward the long-term vision of a quantum inter-
net that is compatible with both heterogeneous nodes and dense
spectral multiplexing.

Figure 1(a) highlights the challenges faced in implementing
conventional spatial BSAs in wavelength-multiplexed fiber-
optic networks. On the one hand, photons with identical carrier
frequencies are optimal for Bell state measurements, yet the selec-
tive adding and dropping of separate photons with identical spectra
is incompatible with wavelength multiplexers, creating bandwidth
contention issues. On the other hand, spectrally distinct photons
can be readily multiplexed but require fine temporal resolution
in the BSA to mitigate the distinguishability otherwise present
with frequency mismatch. Our proposed solution is outlined
in Fig. 1(b). Here, all photons enter the network on a distinct
available wavelength channel; to implement a BSA, two photons
are spectrally isolated and measured directly with a “frequency-
mismatch-erasing” operation. In our case we leverage the flexibility
of a quantum frequency processor (QFP), which is capable of syn-
thesizing arbitrary unitary transformations in discrete frequency
bins [17,18]. Experimentally, we focus on a three-element QFP
as pictured in Fig. 1(c), consisting of a pulse shaper sandwiched
between two electro-optic phase modulators (EOMs). The EOMs
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Fig. 1. (a) Conventional BSAs are incompatible with wavelength-division multiplexed networks, which support wavelength-selective aggregation and
routing with multiplexing hardware (MUX). (b) A frequency-mixing-based solution, in which all photons carry distinct frequencies, and Bell state mea-
surements erase frequency mismatch directly. (c) Configuration proposed and analyzed, based on a three-element QFP driven with dual-tone electro-optic
modulation.

are driven by a superposition of two microwave tones, equal to
the fundamental frequency-bin spacing and its second harmonic.
Such a two-tone setup matches the most expressive QFP hitherto
demonstrated (in terms of the number of parameters available for
design) which was previously explored to realize a frequency-bin
tritter—a three-mode generalizaton of the beam splitter [14].
The importance of eliminating frequency mismatch applies to
photons carrying quantum information in any degree of freedom.
However, in light of the synergies of frequency encoding with
both matter-based qubits that leverage multiple energy levels
and fiber-optic networks built on wavelength multiplexing, we
design our BSA for frequency-bin qubits specifically. Suppose that
the photons to be measured exist in a superposition of frequency
bins {A0, A1} (qubit A) and {B0, B1} (qubit B) selected from a
predefined grid spaced in multiples of1ω. Following the conven-
tional polarization-qubit BSA [19,20], the desired transformation
should mix the logical-0 modes of both photons (A0 and B0)
according to a 50:50 beamsplitter, i.e., Hadamard operation; the
logical-1 modes (A1 and B1) should also be mixed according to a
Hadamard gate. Two of the four Bell states—expressed in the Fock
basis as |9±〉 ∝ |1A01B1〉 ± |1A11B0〉 in this design—produce
unique coincidence patterns in the output modes and can be
unambiguously identified.

Significantly, the design of such a BSA in the frequency domain
introduces nuances regarding logical encoding definitions that are
typically of minimal concern in the path or polarization paradigms.
For example, due to the ready availability of inexpensive, passive
components that can transform from any polarization basis to
another, a |9±〉-state BSA can be adjusted to respond to a different
pair of Bell states simply by incorporating an appropriate sequence
of wave plates. Analogous basis transformations are attainable
within frequency-bin encoding as well, yet because they require
additional EOMs and pulse shapers to realize, certain logical
encodings may prove much more efficient to implement than
others, in terms of total QFP resources (number of components
and bandwidth). Accordingly, judicious placement of frequency
modes can prove critical in the synthesis of multiphoton QFP
gates, as evidenced by previous controlled-unitary designs [17,21]
that attain high fidelities with appreciably fewer QFP elements
than theO(N)worst-case scaling for an N-mode unitary [17].

In order to connect our experiment to situations typical for
biphoton frequency combs, we assume a fixed frequency grid in
our initial design. Specifically, consider as resources four adjacent
modes centered at the frequencies {ω−1, ω0, ω1, ω2}, where

ωn =ω0 + n1ω. The frequency-bin transformation correspond-
ing to a |9±〉-state BSA depends on whether the qubits are placed
in either (i) interleaved or (ii) adjacent fashions. In encoding (i),
we can define the logical modes as (A0, A1)= (ω−1, ω1) and
(B0, B1)= (ω0, ω2); for encoding (ii), the adjacent qubit
definitions (A0, A1)= (ω−1, ω0) and (B0, B1)= (ω1, ω2)
apply. Then, the required unitaries operating on the annihilation
operators associated with each bin (â−1, â0, â1, â2)

T are

U (i)
=

1
√

2


1 1 0 0
1 −1 0 0
0 0 1 1
0 0 1 −1

 ; U (ii)
=

1
√

2


1 0 1 0
0 1 0 1
1 0 −1 0
0 1 0 −1

 .

(1)
We note that while Ref. [15] also considered parallel fre-

quency beam splitters, these were separated by a guard band and
operated on two photons independently, whereas the BSA here
must intentionally mix two photons. In this way, the straight-
forward parallelization in Ref. [15] cannot be applied, making
the design requirements for the frequency BSA significantly
more stringent. To compare the feasibility of each proposed
encoding, we determine the optimal pulse shaper and EOM
settings for the QFP in Fig. 1(c) using particle swarm opti-
mization (PSO) [22]. Defining W as the actual 4× 4 mode
transformation for a specific QFP configuration, PSO attempts
to minimize the cost function C =PW log10(1−FW), where
the fidelity FW = |Tr(W†U)|2/(16PW) and success probability
PW =Tr(W†W)/4 are defined in the modal sense—i.e., with
respect to the desired mode unitary U ∈ {U (i),U (ii)

}—as distinct
from the BSA fidelityF± defined later.

The optimal solutions for each encoding appear in Fig. 2,
which show the specific EOM modulation patterns plotted over
the fundamental period T = 2π

1ω
, pulse shaper phase shifts, and

complete transformation matrix W . We allow the pulse shaper to
modulate up to 32 frequency bins to account for any spreading
outside of the computational space induced by the first EOM.
Phasor notation is used for plotting the complex matrix elements:
the color signifies the amplitude, with the scale bar normalized to
the maximum value in each matrix (0.6831 for U (i) and 0.6978
for U (ii)), and the radial line marks out the phase. The QFP can
realize both unitaries with high fidelity (FW = 1−10−6 for both)
and success probability (PW = 0.9310 for U (i) and PW = 0.9739
for U (ii)). Nevertheless, the adjacent qubit encoding [Fig. 2(b)]
entails a significantly smaller maximum temporal phase deviation
(0.8283 rad) compared to the interleaved encoding (4.426 rad)
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Fig. 2. Optimal QFP designs for frequency-bin BSA. (a) Interleaved qubits [encoding (i)]. (b) Adjacent qubits [encoding (ii)]. The temporal and phase
modulation patterns correspond to each component in the setup of Fig. 1(c); the four computational modes are denoted with gray shading in the pulse
shaper plot. The mode transformation matrices are depicted to the right, where the amplitude (phase) of each element is represented by the color (radial
line) of the corresponding circle.

and consists entirely of a pure sine wave at the harmonic frequency
21ω. In fact, this solution is precisely that of two frequency-bin
beam splitters following the design of Refs. [14,23], each operated
at twice the fundamental spacing and shifted by one bin with
respect to the other. On the other hand, the solution of Fig. 2(a)
is not clearly related to previous frequency beam splitters, which
makes sense: the fidelity of two parallel beam splitters in Ref. [14]
was found to drop rapidly with guardband separations less than
two bins, so a significantly different design is required to reduce
cross talk for the contiguous beam splitters in U (i).

Given the greater simplicity of the QFP solution for encod-
ing (ii), we select it for experimental implementation. The setup
for state preparation, QFP operation, and photon detection
mirror configurations from previous work [15,21], but with
noteworthy technical improvements including a ridge waveguide
biphoton source, narrower bin spacing, and higher-bandwidth
microwave components to reach 40 GHz. Taking a separation of
1ω/2π = 20 GHz and ω0/2π ≈ 192.2 THz, we implement the
QFP solution in Fig. 2(b). Figure 3(a) plots measured input/output
spectra for classical single-frequency inputs, highlighting inde-
pendent and balanced mixing between bins (A0, B0)= (ω−1, ω1)

and between (A1, B1)= (ω0, ω2); the fraction of the output flux
in the four-mode computational space is 0.973 on average, in
excellent agreement with the theoretical unitary success probability
PW = 0.9739. Our Bell states for testing are generated through
type-0 parametric downconversion in a periodically poled lithium
niobate ridge waveguide that is pumped by a continuous-wave
laser at twice the frequency of the spectral center ω0 +1ω/2. We
carve out 20 GHz spaced frequency bins using a fiber-pigtailed
etalon with an intensity full-width at half-maximum of 0.8 GHz.
A subsequent pulse shaper blocks all but the four frequency bins
{A0, A1, B0, B1}which ideally produces the state |9+〉; by apply-
ing a π phase shift onto frequency bin B0 as well, |9−〉 can be
produced. (We did not examine the positively correlated |8±〉
Bell states, which cannot be distinguished in our setup due to the
well-known 50% efficiency of vacuum-assisted linear-optical
BSAs [24,25].) After traversing the QFP, the output is frequency
demultiplexed and routed to two superconducting nanowire
single-photon detectors. Coincidence counts for all six detector
combinations—A0 A1, A0 B0, A0 B1, A1 B0, A1 B1, and B0 B1—
are collected within a 1.5 ns window and integrated for a total of

Fig. 3. Experimental results for frequency-bin BSA. (a) QFP outputs
when excited by monochromatic classical inputs, obtained from an
optical spectrum analyzer. Gray boxes outline the computational modes.
(b) Coincidences in all six combinations of output bins when probed by
|9±〉 entangled states.

120 s. Experimental results are presented in Fig. 3(b). For the |9+〉
input, coincidences register between the two frequencies corre-
sponding to the modes A0 A1 or B0 B1; for |9−〉, coincidences
are obtained in A0 B1 or A1 B0, thereby allowing unambiguous
differentiation of |9±〉 as designed [20]. We calculate the BSA
fidelity F± = NC/(NC + NI ) for each input |9±〉, where NC

and NI correspond, respectively, to the sum of the two correct
measurement results and the sum of the two incorrect results. We
find F+ = (98.1± 0.4)% and F− = (98.6± 0.4)%, assuming
Poissonian error bars and without subtraction of accidentals; if
we do subtract accidentals, these values increase to (99.4± 0.3)%
and (99.8± 0.1)%, respectively, indicating our raw fidelities are
limited primarily by multipair events and dark counts, and not the
BSA operation itself.

In this proof-of-principle experiment, we used a continuous-
wave pump laser for convenience as temporal correlations within
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each pair synchronize photon arrival at the BSA. However, appli-
cations in quantum networking will require pulsed operation,
both to facilitate synchronization across multiple sites and to erase
spectral distinguishability within any individual spectral mode.
Our BSA design should readily support such clocked inputs and is
only limited by the photon bandwidth. For the∼1 GHz frequency
bins in our work, pump pulse rates up to∼1 GHz are in principle
feasible. From a timing perspective, any nonlocal scenario will
require photons to arrive at the BSA stabilized to within a fraction
of the QFP drive signal period (25 ps at the current 40 GHz modu-
lation frequency). However, our frequency-mixing BSA ensures
that photon detectors only need to resolve the temporal spacing
between successive pump pulses—a more lenient condition.

Our QFP approach is not the only possible way to synthesize
BSAs based on frequency mixing. A single EOM is sufficient
to realize a probabilistic frequency-bin beam splitter, whereby
photonic energy scattered into adjacent sidebands is lost and not
compensated through subsequent stages; this simpler design has
been employed in single-photon entanglement swapping protocols
[26], as well as frequency-bin Hong–Ou–Mandel interference
experiments [27,28], suggesting promise in a complete BSA. A
coupled-cavity–based frequency-bin beam splitter [29,30] elimi-
nates the additional sidebands produced by a nonresonant EOM
and therefore provides a highly compact, integrated platform
for future BSAs. Finally, through appropriate design of classical
pump fields and phase-matching conditions, frequency beam
splitters based on χ (2) [12] and χ (3) [13,16] optical nonlinearities
provide opportunities for frequency-bin BSAs bridging large (tera-
hertz and beyond) spectral separations, thus complementing the
gigahertz-level spacings ideal for electro-optic designs.
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